Exercise is a mechanism for maintenance of body weight in humans. Morbidly obese human patients have been shown to possess single nucleotide polymorphisms in the melanocortin-4 receptor (MC4R). MC4R knockout mice have been well characterized as a genetic model that possesses phenotypic metabolic disorders, including obesity, hyperphagia, hyperinsulinemia, and hyperleptinemia, similar to those observed in humans possessing dysfunctional hMC4Rs. Using this model, we examined the effect of voluntary exercise of MC4R knockout mice that were allowed access to a running wheel for a duration of 8 wk. Physiological parameters that were measured included body weight, body composition of fat and lean mass, food consumption, body length, and blood levels of cholesterol and nonfasted glucose, insulin, and leptin. At the termination of the experiment, hypothalamic mRNA expression levels of neuropeptide Y (NPY), agouti-related protein (AGRP), proopiomelanocortin (POMC), cocaineand amphetamine-regulated transcript (CART), orexin, brain-derived neurotropic factor (BDNF), phosphatase with tensin homology (Pten), melanocortin-3 receptor (MC3R), and NPY-Y1R were determined. In addition, islet cell distribution and function in the pancreas were examined. In the exercising MC4R knockout mice, the pancreatic islet cell morphology and other physiological parameters resembled those observed in the wild-type littermate controls. Gene expression profiles identified exercise as having a significant effect on hypothalamic POMC, orexin, and MC3R levels. Genotype had a significant effect on AGRP, POMC, CART, and NPY-Y1R, with an exercise and genotype interaction effect on NPY gene expression. These data support the hypothesis that voluntary exercise can prevent the genetic predisposition of melanocortin-4 receptor-associated obesity and diabetes. Obesity and its associated diseases are becoming more prevalent in society. To combat this growing epidemic, scientists are looking at a myriad of treatment possibilities to both prevent and correct obesity. One well-recognized mechanism is the combination of diet and exercise. Although positive changes in diet are associated with proper cellular nutrition and changes in energy homeostasis, very little is know about the molecular mechanism by which exercise can both prevent and correct increased body weights. Energy and body weight homeostasis are extremely complex physiological mechanisms that rely on endogenous mechanisms as well as genetic and environmental inputs. Herein, we have examined how voluntary exercise can bypass the genetic predisposition for overeating, obesity, and increased serum insulin and leptin levels associated with type 2 diabetes found in the melanocortin-4 receptor (MC4R) knockout (KO) mouse model (1). MC4R gene polymorphisms also have been identified in morbidly obese humans (2-17), providing translational potential between humans and the genetic MC4R KO mouse model.
Obesity and its associated diseases are becoming more prevalent in society. To combat this growing epidemic, scientists are looking at a myriad of treatment possibilities to both prevent and correct obesity. One well-recognized mechanism is the combination of diet and exercise. Although positive changes in diet are associated with proper cellular nutrition and changes in energy homeostasis, very little is know about the molecular mechanism by which exercise can both prevent and correct increased body weights. Energy and body weight homeostasis are extremely complex physiological mechanisms that rely on endogenous mechanisms as well as genetic and environmental inputs. Herein, we have examined how voluntary exercise can bypass the genetic predisposition for overeating, obesity, and increased serum insulin and leptin levels associated with type 2 diabetes found in the melanocortin-4 receptor (MC4R) knockout (KO) mouse model (1) . MC4R gene polymorphisms also have been identified in morbidly obese humans (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , providing translational potential between humans and the genetic MC4R KO mouse model.
The melanocortin pathway consists of the endogenous agonists derived from the proopiomelanocortin (POMC) gene and the endogenous antagonist agoutirelated protein (AGRP) interacting with the melanocortin-3 receptor (MC3R) and MC4R of hypothalamic neurons. Stimulation of the MC3R and/or MC4R pathways by endogenous agonists such as ␣-melanocytestimulating hormone results in activation of the cAMP signal transduction pathway (18 -23) to generate intraand intercellular physiological responses that can be blocked or regulated by AGRP (24 -26) . An under-standing of the importance of the melanocortin pathway in energy homeostasis developed from human genetic studies (27) (28) (29) , KO and transgenic mouse models (1, 24, 30 -34) , and the discovery of human polymorphisms (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Central administration of melanocortin agonists led to decreased food intake, whereas similarly administered melanocortin antagonists increased food intake and the sustained increases in food intake (days) on administration of AGRP (34 -40) . Melanocortin agonist POMC-expressing neurons have been identified as coexpressing cocaine-and amphetamine-regulated transcript (CART) (41) , the MC3R (42, 43) , leptin receptors (44, 45) , and the neuropeptide Y (NPY) Y1 receptor (46) . Melanocortin antagonist AGRP-expressing neurons have been identified as coexpressing NPY (47, 48) , the MC3R (42, 43) , and leptin receptors (44, 45) . The POMC/CART and AGRP/NPY neurons innervate several brain nuclei containing the MC4R that have been suggested to be important for feeding and energy homeostasis, but the exact site of the MC4R feeding behavior "center" remains to be identified, although it is thought to be within the macrostructure of the hypothalamus. Leptin and insulin are adiposity factors that regulate POMC/CART and AGRP/NPY neuronal signaling and associated physiological effects. The leptin and insulin hormones signal in the hypothalamic neurons through the phosphatidylinositol 3-kinase pathway that is inhibited by phosphatase with tensin homology (Pten) (49, 50) . Pten has also been identified as an important factor for pancreatic ␤-cell homeostasis (51). Brain-derived neurotropic factor (BDNF) is expressed in the hypothalamus (ventromedial hypothalamus, dorsomedial hypothalamus, lateral hypothalamus, and paraventricular nucleus) and has been demonstrated to reduce food intake, decrease body weight gain, modify activity (52) , and function downstream of the melanocortin receptors in the agouti Ay genetic mouse model (53) . The receptor for BDNF is the tyrosine kinase B (TrkB) protein that is widely expressed in the hypothalamus and brain, including the arcuate nucleus, which also contain the POMC/CART-and AGRP/NPY-expressing neurons (52) . However, TrkB does not appear to colocalize with either population (53) . Thus, the melanocortin pathway is a "key" neuroendocrine pathway responding to several endocrine signals (directly and indirectly) and participating in the complex physiological process of ingestive behavior and energy homeostasis.
In this study, we have examined the effects of 8 wk of voluntary exercise on the genetic MC4R KO mouse model in age-and weight-matched littermate controls. We evaluated several physiological parameters including food intake, body weight, body length, fat mass, lean mass, blood cholesterol, glucose, insulin, and leptin. To begin to search for a putative underlying molecular mechanism, we evaluated mRNA expression levels of NPY, AGRP, POMC, CART, MC3R, NPY-Y1R, orexin, BDNF, and Pten in the hypothalamus of the brain. In addition, we evaluated insulin immunohistochemical staining of pancreatic ␤-cells and insulin secretion to determine whether voluntary exercise affects insulin secretion capacity of the pancreas in the exercised vs. sedentary MC4R KO mice.
MATERIALS AND METHODS
All studies were performed in accord with accepted standards of humane animal care and were approved by the institutional animal care and use committee at the University of Florida.
Experimental animals

MC4R
ϩ/Ϫ heterozygous mice were generously provided by Dr. Dennis Huszar (Millennium Pharmaceuticals, Cambridge, MA, USA). The MC4R Ϫ/Ϫ homozygous KO and wild-type controls used in this experiment were obtained using a heterozygous breeding strategy and were not controlled for litter size (the observed average litter size for these heterozygous MC4R breeding pairs was similar to that of the wild-type breeding pairs in our colony). Genotyping was performed as described previously (1) . Mice were housed in a 12-h light/dark cycle (lights on at 11 PM and off at 11 AM) and had ad libitum access to rodent chow and water for the duration of this study. At the initial experimental setup, the groups were littermate-matched for genotype, age, and body weight. No statistically significant differences were observed between the sedentary vs. exercised experimental groups at the initiation of these experiments. The data presented at wk 7 are after 1 wk of experimental treatment.
Running wheel vs. conventional housing experiments
Conventionally housed mice were housed in standard mouse shoebox-size cages singly or in a group of 2 mice/cage as indicated with the corresponding data. Exercising male mice were housed individually in cages containing a running wheel (Mini Mitter Co., Sunriver, OR, USA). Wheel revolutions were quantified by recording the magnetic switch closures of a magnet placed on the revolving wheel and recorded via computer as described previously (54, 55) .
Cumulative food intake
Cumulative food intake was determined for singly housed mice by measuring the weight of standard chow (Harlan Teklad 8604 diet; 24% crude protein, 4% crude fat, and 4.5% maximum crude fiber, with digestible energy of 3.30 kcal/g) remaining in the cage top wire feeder 3 times weekly. The bedding was inspected for large intact pellets Ͼ0.1 g to decrease the error associated with determining food intake. Feed efficiency (amount of body weight gained relative to the caloric intake) was calculated as the total body weight change each week divided by food intake (kcal) for the respective week with the entire data averaged over the entire experiment for each group.
Body length
Body length (nose to anus, measured in cm) was determined 3 times weekly with a linear ruler after the animals were lightly anesthetized with isoflurane gas.
Nonfasted glucose
Nonfasted blood glucose values were determined using a glucometer (Glucometer Elite XL, Bayer Corporation, Deerfield, IL, USA) with a sensitivity of 20 mg/dl and a range of detection to 600 mg/dl. A whole-blood sample of 1 l was measured twice weekly. To avoid compounding error in our metabolic and molecular measurement, fasting glucose measurements were not used to prevent a potential effect on expression levels of AGRP, NPY, and other neuroendocrine pathways involved in the regulation of energy homeostasis (56) .
Cholesterol
Cholesterol was determined from a 15-l plasma sample once a week using a strip meter manufactured by Polymer Technology Systems Inc. (Indianapolis, IN, USA) . We used PTS Panels Total Cholesterol test strips with a detection range of 100 -400 mg/dl.
MRI
Magnetic resonance spectroscopy and imaging of the body composition of the mice in vivo were performed at the University of Florida, McKnight Brain Institute advanced MRI and spectroscopy facility. All animals were imaged on a 4.7-T Oxford magnet using a Bruker Avance console and Bruker ParaVision software (Bruker, Karlsruhe, Germany). The mice were anesthetized by reflexive inhalation of 1.5-2% isoflurane and 1 L of oxygen. A small-animal instrument monitoring and gating system was used for monitoring of and gating on respiratory rate. The mice were centered in a custom-built quadrature transmit/receive birdcage with a radiofrequency coil 5 cm in diameter and 12.5 cm in length. After shimming and rapid acquisition with relaxation enhancement (RARE) encoded pilot scans to confirm position, a single-pulse spectrum was acquired with repetition time (TR) of 4.0 s, sweep width (SW) of 8000, acquisition size of 4000, and 16 averages. The water and lipid peaks were integrated using Bruker XWinNMR software, and lipid was standardized to an integral value of 1.000. After spectral acquisition, a multislice multiecho (MSME)_TOMO RARE 3-dimensional scan was acquired with the following parameters: field of view (FOV), 7.0 ϫ 4.0 ϫ 2.5 cm; matrix, 256 ϫ 128 ϫ 96; TR, 350.0 ms; echo time (TE), 6.8 ms; number of averages (NEX), 1; and RARE factor, 16. These parameters resulted in a resolution of 273 ϫ 313 ϫ 260 m inplane. Serial transverse slices were collected with a RARE-BIO T2-weighted sequence with the following parameters: FOV, 4.5 ϫ 3.6 cm; thickness, 2.0 mm; matrix, 256 ϫ 256; TR, 3500.0 ms; TE, 7.0 ms; and NEX, 4. These parameters resulted in an inplane resolution of 176 ϫ 141 m. Liver-localized spectroscopy was performed using stimulated echo acquisition mode (STEAM). Voxel location and size validation were performed on phantoms and via imaging of the voxel in vivo. Voxel size was kept at Ͻ40 mm 3 . All localized spectroscopy scans were respiratory gated. The sequence was triggered at expiration, and TR was kept between 4 and 4.5 s. TE and mixing time were 20 and 10 ms, respectively; 6-kHz SW with 4000 points was collected with 16 averages.
Fat and lean mass determination
The individual mice were placed weekly into a acrylic tube (polymethyl methacrylate) that was then inserted into the mouse EchoMRI-100 instrument (Echo Medical Systems LLC, Houston TX, USA) (57, 58) to determine the mass (g) of the fat vs. lean body composition. Total body weight was measured twice weekly using a standard top-loading laboratory balance.
Hormone assays in blood plasma
Blood-drop samples were drawn from the anterior facial vein into vials containing K 2 EDTA to prevent coagulation. Plasma was collected by centrifugation and stored at Ϫ20°C until analyzed. Plasma hormone levels (insulin and leptin) were measured from a 10-l sample (in duplicate) using commercially available Endocrine Lincoplex kits (Linco Research, St. Charles, MO) according to the manufacturer's instructions.
Quantitative real-time polymerase chain reaction (qRT-PCR)
At the time of sacrifice, the hypothalamus of the brain was dissected (excised with a razor blade by trimming out all of the brain structures, including the midbrain, cerebellum, and cortex; average hypothalamus weight 17.7Ϯ0.6 mg) from each mouse and placed immediately in RNAlater (Ambion Inc., Austin, TX, USA) and held at 4°C for 24 h with transfer to Ϫ20°C until RNA extraction. RNA was extracted using TRIzol reagent and quantified, and integrity was confirmed by gel electrophoresis. cDNA was generated from 2 g of total RNA per the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). qRT-PCR reactions were performed using 100 ng of cDNA as template with TaqMan primers and reagents in a ABI 7300 system (Applied Biosystems). Samples were run in duplicate reactions on a single 96-well plate for each gene probe to confirm consistency in the amount of PCR products. The hypoxanthine guanine phosphoribosyltransferase 1 (Hprt1) housekeeping gene was used to correct for the amount of input mRNA and for data normalization. We selected this housekeeping gene because 1) it did not show any significant differences between genotype or treatment from our microarray experiments, and 2) it is recommended for a mouse housekeeping gene by Applied Biosystems (application note "Using TaqMan ® Endogenous Control Assays to Select an Endogenous Control for Experimental Studies," available at http://www.appliedbiosystems. com). Levels of mRNA are expressed as fold differences compared with the wild-type sedentary group. The fold difference over the control Hprt1 gene is calculated as 2
Ϫ⌬Ct , where ⌬Ct ϭ Ct(gene) Ϫ Ct(Hprt1 gene). Ct is the PCR cycle in which the fluorescent signal associated with the exponential growth exceeds the threshold (10 times noise level).
Statistical analysis
Data are expressed as means Ϯ se. Statistical differences between groups of mice (genotype and exercise) over time were determined using repeated-measures analysis of variance (ANOVA) with the Bonferroni post hoc test. If a significant time ϫ treatment interaction term was observed, individual comparisons between groups at given time points were performed using simple main effects post hoc testing with a Bonferroni correction for the number of comparisons performed to set the experiment-wise probability at P Ͻ 0.05 (59) . Simple regression analysis was used to examine the relation between phenotypes, and results were considered statistically significant if P Ͻ 0.05. For RT-PCR, a two-way ANOVA with the Bonferroni post hoc test using the ⌬Ct values for genotype effects, exercise effects, and genotype ϫ exercise interactions was used. A simple Pearson correlation regression analysis was used to examine the relation between different experimental parameters. Values of P Ͻ 0.05 were considered significant.
RESULTS
Exercise overrides genetically induced obesity in MC4R KO mice
Heterozygous (ϩ/Ϫ) breeding of the MC4R KO mice (1), resulted in the generation of the homozygous KO mice (Ϫ/Ϫ) and wild-type (ϩ/ϩ) littermate mice used in these experiments. Starting at 6 wk of age, 10 -12 MC4R KO (Ϫ/Ϫ) and wild-type male mice (weightand genotype-matched littermates) were singly housed in a Nalgene cage equipped with a running wheel and allowed free access to voluntary exercise for the experiment duration of 8 wk. At 6 wk of age and the inception of the experiment, the MC4R KO mice had average body weight of 23 g, and no statistically significant difference was observed for the two groups established as conventionally housed and running wheelhoused mice. The average body weight of the wild-type littermate mice was 19 g; again no statistically significant difference was observed for the two groups established as conventionally housed and running wheel housed mice. However, there was a statistically significant difference (PϽ0.001) between the wild-type and MC4R KO littermate body weights, consistent with previous studies (1) . Figure 1 summarizes the average activity between the exercising wild-type and MC4R KO littermates in which no statistically significant differences were observed. Tables 1 and 2 summarize and analyze the physiological parameters measured in this study.
Body weight of the mice in the 4 experimental groups was measured twice weekly with averages of the 8-wk experiment. During the initial experimental setup, both the MC4R KO and wild-type littermate group body weights were not statistically different between the conventionally housed vs. running wheel-housed groups. However, as already evident at 6 wk of age, the MC4R KO mice (23.1Ϯ0.5 g) were heavier than the wild-type mice (19.9Ϯ0.3 g) (PϽ0.001). No statistical difference was observed between the two MC4R KO groups after 1 wk of exercise. Differences in body weight between the MC4R KO groups become apparent after 2 wk of running wheel exercise and persisted throughout the remainder of the 8-wk trial. No statistically significant differences were observed between the wild-type conventionally housed vs. running wheel-housed mice at any time. Despite the observed reduction in body weight in exercised MC4R KO mice, their body weights remained above those of the wild-type animals throughout the study (Table 1) .
Exercise normalizes fat to lean body mass in MC4R KO mice
Changes in body weight could be due to a variety of factors. To visualize fat vs. lean body mass changes in mice, we performed MRI. Figure 2 indicates the comparison between a representative wild-type (24 g) and MC4R KO (57 g) sedentary mouse. Figure 3 illustrates a snapshot of representative mice from each group over time of treatment, starting at age 7 wk, after 1 wk of inclusion in the experiment, at age 11 wk, and at age 14 wk, the final week of the experiment after 8 wk of treatment. Increased body weight in the MC4R KO mice appears to be predominately associated with increased fat mass throughout the body, as postulated. MRI is a valuable technique for the visualization and distribution of fat tissue throughout the body; however, it is difficult to quantify such changes using this approach. Therefore, we used low-resolution nuclear magnetic resonance techniques and equipment for the quantitation of live animal fat vs. lean mass. Using the EchoMRI-100 system (57, 58), we analyzed the body composition of our experimental mice weekly, as summarized in Table 1 . Statistically significant differences in fat mass between the MC4R KO sedentary housed mice vs. the exercising MC4R KO mice emerged after wk 2 of the experiment, correlating with total body weight (rϭ0.9, PϽ0.001). However, there were no statistically significant differences between the MC4R exercised mice vs. the wild-type conventionally housed mice, which is different from the results that were observed for total body weight. Comparison of lean mass showed statistically significant differences between the conventionally housed MC4R KO and wild-type littermate mice, the exercised MC4R KO and wild-type groups, and the MC4R KO exercised and the wildtype sedentary housed groups. However, both the MC4R KO and wild-type groups housed either in traditional conventional housing or in cages equipped with a running wheel possessed the same relative lean mass for the duration of the experiment. Interestingly, comparison of the ratio between lean and fat mass between the different groups revealed that although, as postulated, no significant changes were observed between the wild-type groups and the exercising MC4R KO mice, for the sedentary MC4R KO mice, it appears that while they increase body weight and fat mass, they are also decreasing relative lean mass (Fig. 4) .
In contrast to total body weight, there were no statistically significant differences in body fat mass between the MC4R KO exercised mice vs. the wild-type sedentary mice. This discrepancy could be attributable Values indicate the average Ϯ se of n ϭ 10 -12 mice/group. Conventionally housed mice were housed 2 mice/cage. Statistical analysis was performed using repeated-measures analysis with the Bonferroni post hoc test for the duration of the experimental weeks (see Table 2 ). Statistically significant (PϽ0.05) differences between groups were observed as indicated by footnotes. 
0001).
Consistent with results from our previous study (55) , both the wild-type and MC4R KO mice housed in running wheel cages possessed similar food intake and activity patterns with the exception of wk 1 food intake, when the MC4R KO mice consumed less on average then the wild-type littermates (Table 1) . These initial differences could be attributed to differences in acclimation behavior or to the stress differences observed in mice possessing disruptions in the melanocortin system (60). Consistent with previous reports, for the duration of the experiment, the sedentary MC4R KO mice were TABLE 3 ) littermate groups. However, feeding efficiency over the duration of the experiment was significantly different for the conventionally housed MC4R KO (68.8Ϯ0.7 g/kcalϫ10 3 ) and wild-type (25.1Ϯ0.4 g/kcalϫ10
Repeated measures statistical analysis of the physiological parameters measured in this study
3 ) (PϽ0.001) groups.
Blood glucose and cholesterol levels
In these studies, nonfasted whole-blood glucose levels were examined in the different experimental groups.
Blood glucose data showed statistically significant changes during wk 4 and 8 of the experiment (Table  1) . Plasma cholesterol values were also monitored for the duration of the experiment. Cholesterol levels were reduced from those of their sedentary controls in both exercised groups to a similar degree, and the cholesterol levels of the sedentary MC4R KO mice were similar to those of the sedentary wild-type littermate control mice.
Blood insulin and leptin concentrations are normalized with exercise in MC4R KO mice
We evaluated the average weekly plasma levels of the different experimental groups in attempts to identify the duration of exercise that becomes critical for preventing increased insulin and leptin levels. Significant Figure 3 . MRI of a representative littermate mouse from each experimental group over time to compare body fat distribution patterns (white) and the effect of exercise on genotype. Indicated wk 7 age time point is after exposure to 1 wk of experimental treatment (sedentary vs. exercise). Week 11 is after exposure to 5 wk of treatment, and wk 14 is the age of the mice at the termination of the experiment and exposure to experimental treatment for 8 wk.
differences were observed after only 1 wk of exercise between the MC4R KO mice housed conventionally or in the presence of a running wheel (PϽ0.01 
MC4R KO liver weights are normalized with exercise in MC4R KO mice
At the termination of the experiment, the heart, liver, brain, and kidneys were harvested and weighed. Only liver weights of the sedentary housed MC4R KO mice were found to be significantly different from those of the exercised MC4R KO mice and the wild-type littermate control groups (PϽ0.001) (Fig. 5) . It is well documented for both humans and the MC4R KO mouse that increased body fat also results in increased fatty livers (61) .
MC4R KO prediabetic increase in pancreatic islet area and ␤-cell mass is normalized by exercise
Because the MC4R KO mouse eventually develops characteristic insulin resistance and hyperinsulinemia similar to human type 2 diabetes (1), we examined the effect of voluntary exercise on the islet cell distribution and function in the pancreas of MC4R KO and wildtype littermate mice in our study. We examined the pancreatic islet cell histology and identified ␤-cell insulin (nϭ3-4 mice/group). Insulin staining indicated that all four experimental groups possessed similar ␤-cell numbers (data not shown) but total islet area differed between the MC4R KO conventionally housed mice (PϽ0.004) and the MC4R KO exercised and both wild-type groups (Fig. 6) . These data support the hypothesis that voluntary exercise of the MC4R KO mouse can prevent/delay the onset of type 2 diabetes. These data are consistent with the onset of a prediabetic state with increased circulating insulin levels 65 , NS) interactions. NS, nonsignificant. Statistically significant differences were observed between the sedentary MC4R KO mice and MC4R KO exercising mice as well as both the wild-type groups as indicated. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001.
( Table 1) as well as increased islet size and insulin production that occurs before loss of ␤-cell function observed in other type 1 and type 2 diabetic mouse models (51, 62, 63) .
qRT-PCR reveals a possible signaling feedback mechanism underlying exercise effects on MC4R KO-induced obesity and predisposition for type 2 diabetes
Gene candidates (Fig. 7) for these experiments were selected on the basis of a hypothalamic microarray analysis. Statistical analysis identified these genes as differentially expressed (PϽ0.01) in the hypothalamus and suggested that these genes in the exercised MC4R KO mice might be differentially regulated in exercised MC4R KO compared with sedentary obese MC4R KO mice. In addition, these genes have also been reported in other rodent models of voluntary exercise to be differentially regulated (64 -67) . POMC/CART and AGRP/NPY mRNAs are expressed primarily in parallel hypothalamic arcuate nucleus neurons and are postulated to be in a regulatory loop by which AGRP/NPY neurons regulate POMC/CART-expressing neurons via the MC3R and NPY-Y1 receptor but not visa versa (26, 68) . Results for the RT-PCR mRNA fold expression levels are summarized in Fig. 7 . We observed a statistically significant interaction between genotype and exercise for hypothalamic NPY expression (F 1,17 ϭ8. 
01).
Orexin A, also known as hypocretin 1, has been reported previously to have spontaneous activity in rats when injected into the paraventricular nucleus of the hypothalamus (66) . We examined orexin hypothalamic mRNA expression levels (Fig. 7) to determine whether this neurohormone pathway might be involved in the mechanism by which voluntary exercise of the MC4R KO mouse can prevent onset of its phenotypic metabolic syndrome. We found that orexin levels were affected by exercise (F 1,18 ϭ10.63, Pϭ0.004) but not by genotype. The BDNF gene has been associated with modifying food intake, body weight, and locomotor activity, is up-regulated in the brain by voluntary wheel running in rats (52, 69) , and has been linked to the melanocortin system and the MC4R (53) . Therefore, we examined the hypothalamic BDNF mRNA expression in our experimental paradigm. However, we did not observe any statistically significant difference in Figure 6 . At termination of the experiment, pancreatic tissue was immediately excised from mice after death. The tissue was fixed in formalin and imbedded in paraffin for sectioning. Nonserial sections of each sample were then subjected to hematoxylin and eosin staining and insulin immunostaining. Anti-insulin-stained islets were analyzed for ␤-cell area, number, and endocrine to exocrine tissue ratios using Zeiss Axiophot image analysis software. Individual islet cell areas of 3 nonserial sections of each sample were analyzed. Area values for 3 to 4 animals/group were averaged and compared. Bars represent averages Ϯ se; n ϭ 3-4 mice/group. f, MC4R KO sedentary group; Ⅺ, MC4R KO RW group; s, WT littermate sedentary group;`, WT RW group. **P Ͻ 0.01; two-way ANOVA with Bonferroni post hoc tests. Values are means Ϯ se; 5-6 mice/group. Statistical analysis was performed using two-way ANOVA with the Bonferroni post hoc test using the ⌬Ct values for genotype effects (G), exercise effects (E), and G ϫ E interactions. Genes found to possess statistical significance include NPY (GϫE: comparing genotype or exercise in our experiment. Similar to BDNF, hypothalamic Pten mRNA expression was not found to be significantly different between genotype or exercise in this study.
Comparisons of conventionally group housed vs. singly housed phenotypes
To investigate whether differences between paired or singly housed sedentary MC4R KO or wild-type littermate mice possessed similar or distinctly different physiological parameters or gene expression patterns in our experimental paradigm, we compared physiological parameters as well as hypothalamic gene expression patterns (Fig. 8) . We observed that although the absolute values were slightly different, comparisons such as changes in body weight (and other measured physiological parameters discussed in our experimental paradigm) over time between singly or paired conventionally housed mice resulted in the same trends and were not statistically significantly different among the same genotype. These data are consistent with previous reports of the MC4R KO phenotype (1, 55, 70) . Comparisons of hypothalamic mRNA gene expression levels also were not statistically different between the singly or group conventionally housed mice.
DISCUSSION
Obesity, including obesity linked to genetic factors and human single nucleotide polymorphisms, is becoming more prevalent in human societies. Exercise is a wellestablished method to prevent and/or reduce body weight and its effect is enhanced in the presence of a proper diet. Herein, we examined the MCR4R KO mouse genetic model for obesity and type 2 diabetes and discovered that voluntary exercise at a young age can prevent the physiological metabolic syndrome observed under sedentary housing conditions (1, 55) . Several models for studying voluntary exercise of male rodents have been reported and reviewed (71) . These models include the agouti Ay heterozygous mouse (72, 73) , which ectopically overexpresses the MC3R and MC4R antagonist agouti protein (74) , the ␤-endorphin knockout mouse (which is derived from the POMC gene transcript) (75) , the obese carboxypeptidease E knockout mice (Cpe fat/fat ) mouse (76, 77) , diet-induced obesity or diet-resistant Sprague-Dawley rats (67, 78) , Otsuka Long-Evans Tokushima fatty (OLETF) rats that lack CCK-1 receptors (64, 79), wild-type C57BL/6N mice (80), wild-type Sprague-Dawley rats (65, 78, 81) , and Syrian Golden hamsters (82) .
Exercise has been previously reported to slow the weight gain of the Ay mouse (72, 73, 83 is arguably the same as an MC3R/MC4R double knockout mouse by the ectopic expression of the agouti antagonist for both these receptors (34, 74, 84) has a different response of leptin to exercise. Ay mice are longer (anal-nasal length) then control B6 mice. Exercise was reported to increase body length in both models. At the conclusion of this study, the sedentary MC4R KO mice were 4% longer (nasal-anal length) then the sedentary wild-type littermate mice (PϽ0.001) and 4% longer then the exercised MC4R KO mice (PϽ0.01), which had the same body length as the sedentary wild-type control group (Table 1) . Sedentary Ay mice had higher total cholesterol levels then B6 mice (64%) and the exercised Ay mice (14%). After 8 wk of voluntary exercise, the sedentary MC4R KO mice had 18% increased total cholesterol levels compared with the sedentary wild-type littermate mice and 12% decreased cholesterol levels, similar to the sedentary wild-type control level, compared with the exercised MC4R KO mice (Table 1) . Exercised Ay and wild-type B6 mice had similar running wheel activity profiles and consumed approximately equivalent amounts of food, similar to the findings observed in this study for the MC4R KO and wild-type littermate control mice. Levin et al. (78) studied the effects of voluntary exercise (4 wk) as well as dietary fat composition on Sprague-Dawley rats that developed diet-induced obesity (DIO) or diet resistance (DR). In this study, they reported that exercising rats ate the same amounts as the sedentary rats for both the DIO and DR phenotypes but that exercising rats gained less weight over the 4-wk period in which they were allowed access to running wheels and the exercising DIO rats had a significant 63% reduction in weight gain over this period. Exercising decreased leptin levels by 12-18% and insulin levels by 21 and 14%, respectively in the DR and DIO phenotypes and resulted in decreased total fat pad weights. In the studies reported herein with the MC4R KO mouse model, we observed similar food intake quantities and kilocalories between the exercising wildtype and MC4R KO littermate groups and a decrease in body weight gain, comparing the exercised MC4R KO vs. the sedentary MC4R KO mice. Consistent with previous reports (1), at the conclusion of this study, sedentary MC4R KO mice increased body weight by 36%. Exercise in the MC4R KO mice resulted in a 74% reduction in weight gain compared to sedentary controls, whereas both the exercised and sedentary wild-type mice had identical weight gain profiles. Compared with the sedentary wild-type mice at the termination of the 8-wk experiment, the sedentary MC4R KO mice had a 10-fold, 900% increase (PϽ0.001) in plasma leptin concentration and exercising MC4RKO mice had 4-fold, 77% (PϽ0.001) reduced leptin levels compared with those of the sedentary MC4R KO mice. Comparison of the exercising wildtype and MC4R KO littermate mice showed a 54% (PϽ0.001) increase in plasma leptin values. In another study, Patterson et al. (67) examined the effects of selected gene expression in several hypothalamic nuclei, studying either voluntary exercise or food restriction in diet-induced obese rats. These authors, using the experimental paradigm of 3 wk of voluntary exercise (and sedentary controls) postweaning, reported 27% lower MC3R and 28% lower NPY-Y1R arcuate expression levels associated with exercising. With use of the experimental paradigm of 8 wk of voluntary exercise postweaning, decreases of 16% (wild-type) and 46% (MC4R KO) were observed for MC3R hypothalamic gene expression (Fig. 8) . The hypothalamic NPY-Y1R expression levels were modified by wild-type vs. MC4R KO genotypes (4 -19% increase) between the sedentary and exercising littermate mice.
Voluntary running wheel exercise of the obese and hyperphagic OLETF rats that lack CCK-1 receptors has been reported to normalize food intake and body weight compared with sedentary control animals (64, 79) . These studies resulted in the discovery that in response to exercise, hypothalamic arcuate NPY mRNA levels were increased and arcuate POMC levels were not elevated (64) . Interestingly, food intake and body weight are normal in CCK-1 receptor knockout mice (85) . An interesting difference between the OLETF rats and CCK-1R knockout mice is that the mice do not have increased dorsomedial hypothalamus NPY mRNA expression whereas the OLETF rats do (79) , indicating the possibility of both species-specific and genetic types of differences between these two models.
Thus, there are several similar trends among the different genetic and diet-induced obesity rat models and the MC4R KO genetic mouse model used herein in that several common and general observations can be seen with the different models. However, using the agouti Ay and MC4R KO obese genetic models, as well as other genetic rodent models such as the OLETF rats, genotype-specific differences have also been revealed. These data provide supporting experimental evidence that genetic rodent models, possessing phenotypes similar to the same human genetic modifications, are important for studying the effects of voluntary exercise and changes in physiology and gene expression profiles that might be genotype-specific and important for development of human therapeutic agents. In addition, because the voluntary exercise field is relatively young and research is increasing at a fast pace with rapidly improving technologies, the determination of mechanisms associated with exercise cause and/or effect are still being identified and the parameters that define these factors are still being developed. Toward these goals, the study presented herein provides further physiological characterization of the genetic MC4R KO obese mouse model and the effects of voluntary exercise over a 2-month duration and supports the hypothesis that voluntary exercise can prevent the genetic predisposition of MC4R-associated obesity and diabetes. 
